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(54) Voltage-controlled ring oscillator with differential amplifiers 

(57) A voltage-controlled oscillator 3 is constructed 
with a ring oscillator control circuit 2 and a ring oscillator 
1, which is constructed with a plurality of differential 
amplifiers 5 to 8 each including a differential pair of tran- 
sistors 24 and 25 and load circuits 22 and 23 connected 
to the respective transistors. The load circuits 22 and 23 
are constructed such that the differential amplifiers 
always operate in linear region according to load drive 
voltages CL1 and CL2. IC o 
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Description 

BACKGROUND OF 'HE INVENTION 
5 1. Field of the Invention 

[0001] The present Invention relates to a voltage-controlled oscillator and, particularly, to a voltage-controlled oscil- 
lator having a ring oscillator, which is constituted with a plurality of differential amplifiers each having a load circuit. 

w 2. Description of the Related Art 

[0002J In a recert pnase-locked loop (PLL) for a disk servo system of CD-ROM, etc., an output frequency range 
thereof, which is up to several to ten times a reference oscillation frequency of the PLL, is required. It has been known 
that the PLL includes a voltage-controlled oscillator whose output frequency is varied correspondingly to an input volt- 
15 age thereto. 

[0003] Since the rcccn: PLL has an on-chip structure due to the recent tendency of increase of the scale of inte- 
grated circuit and the operation speed thereof, the voltage-controlled oscillator of such PLL should have a structure suit- 
able to be integrated on a chip. That is, it has been required to develop a voltage-controlled oscillator, which is stable 
regardless of variation of fabrication process, does not require regulation after fabrication and is durable against noise 

20 generated in an integrated circuit 

[0004] In order to reali7e such voltage-controlled oscillator, a ring oscillator composed of a plurality of differential 
amplifiers each having a load, by which the ability of the ring oscillator can be controlled, has been proposed in, for 
example, IEEE Journal of Solid-State Circuits, Vol. 25, No. 6. November, 1 990. pp. 13B5 to 1 394, IEEE Journal of Solid- 
State Circuits. Vol. 27, No. 11. November. 1992, pp. 1599 to 1607 and U.S. Patent No. 5.412.349. The ring oscillator 

25 proposed in each of these articles has characteristics suitable to be integrated on a chip, since the ring oscillator is com- 
posed of the differential amplifiers whose sensitivity to power source noise is low, the operating point variation between 
sampled operating points is small due to simultaneous feedback control of the operating points and the operating point 
variation due to relative variation within a chip can be made small because an input impedance of the load is low. 
[0005] These prior arts will be described in more detail with reference to Figs. 13 to 1 8. The prior art voltage-con- 

30 . trolled oscillator is shown in Fig. 13. In Fig. 13, the voltage-controlled oscillator 103 comprises a ring oscillator 101 and 
a ring oscillator control circuit 102 for controlling an operation of the ring oscillator. 

[0006] Fig. 14 is a block circuit diagram of the ring oscillator 101 , which is constructed with differential amplifiers 
105 to 108 having identical circuit constructions. Each differential amplifier includes a plus input 11 , a minus input 12, a 
plus output 01, a minus output 02, a current control voltage terminal IC and a load control voltage terminal CL. The 

35 differential amplifiers 105 to 108 are connected in series and an output of the differential amplifier 108 is fed back in 
reverse phase to an input of the differential amplifier 1 05 to constitute a 4-stage ring oscillator 104. Since the ring oscil- 
lator 1 04 is composed of the differential amplifiers 1 05 to 1 08, the sensitivity thereof to power source noise is restricted 
due to its high ability of removing the power source voltage variation. The current control voltage terminal IC of each 
differential amplifier has a function of controlling a circuit current thereof and the load control voltage terminal CL thereof 

40 has a function of controlling an in-phase output voltage such that the in-phase output voltage is always equal to the ref- 
erence voltage shown in Fig. 13 by regulating the performance of the load of the differential amplifier. 
[0007] Fig. 1 5 is a circuit diagram of the ring oscillator control circuit 1 02 shown in Fig. 1 3. In Fig. 1 5, an NMOSFET 
1 1 1 has a gate connected to an oscillation frequency control voltage terminal, which is an input terminal of the voltage- 
controlled oscillator 103, a source connected to a resistor 110 and a drain connected to a drain of a PMOSFET 1 12. 

45 The gate of the PMOSFET 1 12 is connected to the drain thereof and a source of the PMOSFET 1 12 is connected to a 
power source terminal 115. A differential amplifier 113 has an identical construction to that of each of the differential 
amplifiers 105 to 108 : and input terminals 11 and 12 are commonly connected to the reference voltage terminal and out- 
put terminals 01 and 02 are commonly connected to a plus input terminal of a single-end operation amplifier 1 14. An 
output terminal of the single-end operation amplifier 1 14 is connected to a load control voltage terminal CL of the differ- 

so ential amplifier 113. The drain of the PMOSFET 1 12 is connected to a current control voltage terminal IC of the differ- 
ential amplifier 1 1 3. A minus input terminal of the operation amplifier 1 1 4 is connected to the reference voltage source. 
The operation amplifier 1 14 controls the voltage of the load control voltage terminal CL of the differential amplifier 1 13 
such that the output voltage of the differential amplifier 1 1 3 becomes equal to the reference voltage. Since the differen- 
tial amplifier 1 13 has the same construction as that of any of the differential amplifiers 1 05 to 1 08, which constitute the 

55 ring oscillator 101, and the circuit current and the load control voltage thereof are also the same as those of any one of 
the differential amplifiers 1 05 to 1 08, its in-phase output voltage becomes equal to that of the differential amplifiers 1 05 
to 108. 

[0008] Fig. 16 is a circuit diagram of one (121) of the identical differential amplifiers 105 to 108 and 1 13. In Rg. 16, 
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the differential amplifier 121 includes an input differential pair of NMOSFETs 124 and 125 and an NMOSFET 126 as a 
current source. Load circuits 122 and 123 have identical circuit constructions each shown in Fig. 17 or 18. The load cir- 
cuit shown in Fig. 17 is composed of an NMOSFET 132 having a gate supplied with a load control voltage and an 
NMOSFET 133 having a gate and a drain connected to the gate thereof. A terminal 131 is connected to one of the out- 
put terminals 01 and 02 shown in Fig. 1 6. Since the gate of the NMOSFET 1 33 is connected to an output terminal 131, 
an impedance looked from the terminal 1 3 1 of the NMOSFET 1 33, that is, an output impedance, is in inverse proportion 
to a mutual conductance of the NMOSFET 133 and has a low value. Further, since the NMOSFET 132 having the gate 
supplied with the load control voltage operates in a saturation region, when the load control voltage is low and the fol- 
lowing relation is established between the voltage Vo at the output terminal 131 and the load control voltage VCI: 

VCL - Vth < Vo 



where Vth is the threshold voltage of the NMOSFET 132. Therefore, the output impedance of the load becomes very 
large. That is, the output impedance is represented by AV/Ai, a ratio of voltage change AV to current change Ai. In the 

15 saturation region, since current i is substantially constant, Ai is very close to 0 and the output impedance becomes sub- 
stantially infinite. However, in order to make the in-phase output voltage constant even when the operating current is 
changed, the NMOSFET 132 whose performance can be controlled by the load control voltage is indispensable. That 
is, it is impossible to control the in-phase output voltage by only the NMOSFET 133 since the in-phase output voltage 
is varied by the operating current. Consequently, it becomes possible by using both the NMOSFETs 132 and 133 to 

20 reduce the output impedance of the load to a low value and to make the in-phase output voltage constant. 

[0009] The load circuit shown in Fig. 18 includes, in addition to the NMOSFETs 132 and 133 shown in Fig. 17, an 
NMOSFET 134 having a gate supplied with the load control voltage and provided on the source side of the NMOSFET 
1 33. In the load circuit shown in Fig. 1 7, when the operating current is reduced and a substantial portion of the operating 
current flows through the NMOSFET 1 33. an amplitude of the oscillation frequency output is reduced in a range of oper- 

25 ating current smaller than the operating current. In the load circuit shown in Fig. 18, such phenomenon does not occur 
due to the provision of the NMOSFET 1 34. 

[0010] In this case, however, since an output impedance of the series circuit including the NMOSFETs 133 and 134 
is determined by the NMOSFET 134, the output impedance of the series -connected NMOSFETs 133 and 134 
becomes very large when the NMOSFET 134 operates in the saturation region. As a result, there is a lower limit of the 

30 output frequency range of the voltage-controlled oscillator 1 03 constituted with the differential amplifiers 121 . 

[0011] Now, the reason for the necessity of maintaining the in-phase output voltage at constant will be described. 
In order to connect the voltage-controlled oscillator to a usual CMOS digital circuit, it is necessary to convert the differ- 
ential output of the ring oscillator 101 , that is, the voltage-controlled oscillator 103, into a single-ended CMOS level. In 
order to realize such conversion, it is necessary to stabilize the in-phase output voltage of the differential output of the 

35 voltage-controlled oscillator 103, otherwise, a circuit for converting the differential output into the single-ended CMOS 
level does not operate normally or, if it operates normally, the operating speed and/or the duty cycle may be degraded. 
[0012] The purpose of reduction of the output impedances of the loads is to prevent the operating points of the dif- 
ferential amplifiers 1 05 to 1 08 from being substantially varied due to relative variation between the current source tran- 
sistors 126 of the differential amplifiers 105 to 108 and 1 13 and transistors constituting the load circuits and to restrict 

40 the influence of coupling through other wiring and/or a silicon substrate of the integrated circuit. 

[0013] As mentioned, although the voltage-controlled oscillator including the ring oscillator constituted with the dif- 
ferential amplifiers 121 each having the load circuit shown in Fig. 17 or 18 has characteristics suitable for circuit inte- 
gration, the range of oscillation frequency thereof is narrow. Therefore, it is difficult to use the prior art voltage-controlled 
oscillator for the PLL of the disk servo system of such as CD-ROM, which requires the output frequency range from sev- 

45 eral to ten times the reference frequency. 

[0014] Further, although the load circuit shown in Fig. 1 7 or 1 8 includes a transistor having a gate short-circuited to 
a drain thereof, the in-phase output voltage of the differential amplifier must be high enough when the threshold value 
of the transistor is high. However, when the in-phase output voltage is high, the paired differential transistors 124 and 
125 are not saturated, so that it becomes impossible to obtain a voltage gain. Therefore, it is necessary to sufficiently 

so reduce the in-phase output voltage of the differential amplifier 121. Accordingly, special fabrication steps dedicated 
thereto must be added in order to reduce the threshold voltage of the transistors constituting the load circuit. 

SUMMARY OF THE INVENTION 

55 [001 5] An object of the present invention is to provide a voltage-controlled oscillator having a wide oscillation output 
frequency range, which can be fabricated without adding any special fabrication step to a usual fabrication method of a 
voltage-controlled oscillator. 

[001 6] In order to achieve the above object, a voltage-controlled oscillator according to a first aspect of the present 
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invention includes a ring.oscillator constituted with a plurality of differential amplifiers each having a first input terminal, 
a second input terminal, a first output terminal, a second output terminal and a current limiting terminal, the first and 
second input terminals of the differential amplifiers being ring-connected to the corresponding first and second output 
terminals of the differential amplifiers, a first load circuit connected to each of the first output terminal, a second toad 
5 circuit connected to each second output terminal and is featured by that the first and second load circuits always oper- 
ate in a linear region. 

[001 7] A voltage-controlled oscillator according to a second aspect of the present invention includes a ring oscillator 
constituted with a plurality of differential amplifiers each having a first input terminal, a second input terminal, a first out- 
put terminal, a second output terminal and a current limiting terminal, the first and second input terminals of the differ- 
to ential amplifiers being ring-connected to the corresponding first and second output terminals of the differential 
amplifiers, a first load circuit connected to each of the first output terminal and supplied with a first and second load con- 
trol voltages, a second load circuit connected to each second output terminal and supplied with the first and second 
load control voltages and is featured by that the first and second load circuits always operate in a linear region according 
to the first and second load control voltages. 
15 [0018] With such circuit construction of the voltage-controlled oscillator, an output impedance of the differential 
amplifies is always restricted to a low level, so that it is possible to widen the oscillation frequency thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

20 [001 9] The above-mentioned and other objects, features and advantages of the present invention will become more 
apparent by reference to the following detailed description of the invention taken in conjunction with the accompanying 
drawings, in which: 

Fig. 1 is a block circuit diagram of a voltage-controlled oscillator according to a first embodiment of the present 
25 invention; 

Fig. 2 is a block circuit diagram of a ring oscillator shown in Fig. 1; 

Fig. 3 is a circuit diagram of a ring oscillator control circuit shown in Fig. 1 ; 

Fig. 4 is a circuit diagram of a differential amplifier shown in Fig. 2 or 3; 

Fig. 5 is a circuit diagram of a load circuit shown in Fig. 4; 
30 Fig. 6 is a block circuit diagram of a voltage-controlled oscillator according to a second embodiment of the present 

invention; 

Rg. 7 is a block circuit diagram of a ring oscillator shown in Fig. 6; 

Fig. 8 is a circuit diagram of a ring oscillator control circuit shown in Fig. 6; 

Fig. 9 is a circuit diagram of a differential amplifier shown in Fig. 7 or 8; 
35 Fig. 10 is a circuit diagram of a load circuit shown in Fig. 9; 

Fig. 1 1 is a circuit diagram of a modification of the ring oscillator shown in Fig. 8; 

Fig. 12 is a circuit diagram of a modification of the load circuit shown in Fig. 9; 

Fig. 13 is a block circuit diagram of a conventional voltage-controlled oscillator; 

Fig. 14 is a block circuit diagram of a ring oscillator shown in Fig. 13; 
40 Fig. 15 is a circuit diagram of a ring oscillator control circuit shown in Fig. 13; 

Fig. 16 is a circuit diagram of a differential amplifier shown in Fig. 14 or 15; 

Fig. 1 7 is a circuit diagram of a load circuit shown in Fig. 1 6; and 

Fig. 18 is a circuit diagram of another load circuit shown in Fig. 16. 

45 DETAILED DECRIPTION OF THE PREFERRED EMBODIMENTS 

[0020] A voltage-controlled oscillator according to a first embodiment of the present invention will be described with 
reference to Fig. 1. 

[0021 ] in Fig. .1 , a voltage-controlled oscillator 3 includes a ring oscillator control circuit 2 supplied with an oscillation 
so frequency control voltage and a reference voltage and a ring oscillator 1 supplied with a current control voltage and load 
control voltages 1 and 2, which are outputted by the ring oscillator control circuit 2. An output of the ring oscillator 1 
becomes an output of the voltage-controlled oscillator 3. Fig. 2 is a circuit diagram of the ring oscillator 1 shown in Fig. 
1. The ring oscillator 1 is constituted with a plurality of differential amplifiers, in this embodiment, four differential ampli- 
fiers 5 to 8, each having a plus input terminal 11, a minus input terminal 12, a plus output terminal 01 , a minus output 
55 terminal 02, a current control voltage terminal IC and a pair of load control voltage terminals CL1 and CL2. The differ- 
ential amplifiers 5 to 8 are connected in series in this order and the outputs at the output terminals 01 and 02 of the 
differential amplifier 8 are fed back to the inputs of the differential amplifier 5 in inverse phase to constitute a 4-stage 
ring oscillator. The oscillation frequency of the ring oscillator 1 is controlled by changing an operating current thereof by 
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a current control voltage supplied to the current control voltage terminal IC while regulating the in-phase output voltage 
thereof constant by the load control voltage at the load control voltage terminals CL1 and CL2. Although the shown ring 
oscillator has the 4-stage construction, it has been well known that the ring oscillator can function as an oscillator when 
there are at least 3-stage construction. 

5 [0022] The differential amplifiers 5 to 8 have identical constructions, one of which is shown as a differentia! amplifier 
21 in Fig. 4. As shown in Fig. 4, the differential amplifier 21 includes load circuits 22 and 23 supplied with load control 
voltages 1 and 2 from the load control voltage terminals CL1 and CL2, a differential pair of PMOSFETs 24 and 25 hav- 
ing gates connected to the input terminals 11 and 12 and drains connected to the output terminals 02 and Ol , respec- 
tively, and a PMOSFET 26 having a gate connected to the current control terminal IC and a source connected to the 

w power source line 1 8 to constitute a current source. 

[0023] As shown in Fig. 5, each of the load circuits 22 and 23 of the differential amplifier shown in Fig. 4 includes 
an NMOSFET 32 having a gate supplied with the load control voltage 1 and an NMOSFET 33 having a gate supplied 
with the load control voltage 2. Assuming that (gate width)/(gate length) of the NMOSFET 32 is K32 and (gate 
width)/(gate length) of the NMOSFET 33 is K33, K32 is set equal to or larger than K33. An output terminal 31 of the load 

is circuit 22 is connected to the drain of the PMOSFET 24 and an output terminal 31 of the load circuit 23 is connected to 
the drain of the PMOSFET 25. 

[0024] A construction of the ring oscillator control circuit 2 shown in Fig. 1 is shown in Fig. 3. As shown in Rg. 3, 
the ring oscillator control circuit 2 includes an NMOSFET 1 6 having a gate supplied with the oscillation frequency con- 
trol voltage, which is the input terminal of the voltage-controlled oscillator, a resistor 1 5 connected between ground and 

20 a source of the NMOSFET 16, a PMOSFET 17 having a drain and a gate, both of which are commonly connected to a 
drain of the NMOSFET 16, and a source connected to the voltage source line 18, a differential amplifier 19 having a 
current control terminal JC supplied with a current control voltage generated at a junction between the PMOSFET 17 
and the NMOSFET 16, an operation amplifier 20 having a plus input supplied with an output of the differential amplifier 
1 9 and outputting the load control voltage 1 and a voltage amplifier 1 0 supplied with the load control voltage 1 and out- 

25 putting the load control voltage 2. The operating currents of the differential amplifiers 5 to 8 are controlled by the current 
control voltage supplied to the current control terminals IC thereof. 

[0025] The differential amplifier 1 9 may be any provided that it outputs a voltage equal to the in-phase output volt- 
age of one of the differential amplifiers 5 to 8. In this embodiment, however, the differential amplifier 1 9 has a circuit con- 
struction identical to that of one of the differential amplifiers 5 to 8 and has a plus and a minus inputs terminals 11 and 

30 12 commonly supplied with the reference voltage, which is the input of the voltage-controlled oscillator 3, and output ter- 
minals 01 and 02 connected commonly to the plus input of the operational amplifier 20. Alternatively, the differential 
amplifier 1 9 may take other constructions. For example, the differential amplifier 1 9 may have the same circuit construc- 
tion as that of the differential amplifier 21 shown in Fig. 4 with the gate width of the current source 26 being made 1/2 
and the load circuit 23 and the transistor 25 being removed. Alternatively, the differential amplifier 19 may have the 

35 same circuit construction as that of the differential amplifier 21 , with the PMOSFETs 24 and 25 being removed and the 
PMOSFET 26 being directly connected to the load circuits 22 and 23. In the latter case, the reference voltage is not sup- 
plied thereto. 

[0026] The voltage amplifier 10 is constituted with an NMOSFET 1 1 having a source grounded and a gate supplied 
with the load control voltage 1 , a PMOSFET 12 having a source connected to the voltage source line 18 and a gate and 

40 a drain, which are commonly connected to a drain of the NMOSFET 1 1 , a PMOSFET 1 3 having a source connected to 
the voltage source line 18 and a gate connected to the gate of the PMOSFET 12 and an NMOSFET 14 having a source 
grounded and a drain and a gate, which are commonly connected to a drain of the PMOSFET 1 3. A drain voltage of the 
NMOSFET 14 is outputted as the load control voltage 2. The load control voltage 2 is supplied to the differential ampli- 
fier 1 9 and the differential amplifiers 5 to 8 constituting the ring oscillator 1 . 

45 [0027] An operation of the voltage-controlled oscillator 3 according to this embodiment will be described. 

[0028] The voltage-controlled oscillator 3 outputs an oscillation frequency, which is controlled by the oscillation. fre- 
quency control voltage inputted to the ring oscillator control circuit 2, as shown in Fig. 1 - In the circuit shown in Fig. 1, 
the oscillation frequency is increased with increase of the oscillation frequency control voltage. This operation will be 
described first. 

so [0029] The operating current of each of the differential amplifier 19 and the differential amplifiers 5 to 8 is supplied 
from the current source, that is, the PMOSFET 26 having the gate supplied with the IC terminal voltage, and is deter- 
mined by the Miller effect of a current flowing through a source • drain circuit of the PMOSFET 1 7 shown in Fig. 3. The 
current flowing through the source • drain circuit of the PMOSFET 1 7 is the same as a current flowing through the resis- 
tor 15. The current flowing through the resistor 15 is substantially zero when the oscillation frequency control voltage is 

55 equal to or lower than the threshold voltage of the NMOSFET 16. It is well known that, when the oscillation frequency 
control voltage exceeds the threshold voltage of the NMOSFET 16, the current flowing through the resistor 15 becomes 
substantially proportional to a current represented by the following formula: 
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{(oscillation frequency control voltage) -(threshold voltage of NMOSFET 1 6)}/R (1 ) 

where R is a resistance value of the resistor 15. Therefore, the operating current of each of the differential amplifiers 5 
to B and 19 is substantially proportional to the formula (1 ). 
5 [0030] Incidentally, the oscillation frequency of the ring oscillator 1 is represented by the following formula: 

1/(2nCLRL) (2) 

where CL is a load capacitance of the outputs 01 and 02 of each of the differential amplifiers 5 to 8, which includes 

w drain junction capacitances of the PMOSFETs 24 and 25 and the NMOSFET's 32 and 33, which constitute the load 
circuits 22 and 23, gate capacitances of the PMOSFETs 24 and 25 of a next stage and a capacitance of a wiring and 
RL is an output impedance of the output 01 and 02, which is a sum of output impedances of the load circuit 22 and the 
PMOSFET 24 or a sum of output impedances of the load circuit 23 and the PMOSFET 25. The reason for that the oscil- 
lation frequency is given by the formula (2) will be described. The oscillation frequency given by the formula (2) is a first 

io pole frequency of the differential amplifiers 5 to 8 and a phase of the output of the differential amplifiers 5 to 8 is rotated 
by 45° at this frequency. Further, the oscillation occurs at a frequency at which the phase from the input to the differen- 
tial amplifier 5 to the output of the differential amplifier 8 is rotated by 180° and, since the ring oscillator 1 has the 4- 
stage construction, the oscillation occurs at a frequency whose phase for one stage is rotated by 45°. Therefore, the 
ring oscillator 1 oscillates at the first pole frequency. Needless to say, RL is reduced when the circuit current increases. 

20 Therefore, since the operating current is substantially proportional to the formula (1), the output frequency of the volt- 
age-controlled oscillator 3 increases when the oscillation control voltage becomes high. Since there is no current flows 
when the oscillation frequency control voltage is in the ground potential level, the oscillation is terminated. Although an 
oscillation frequency of a ring oscillator having other construction than 4-stage construction is given by a formula differ- 
ent from the formula (2), the oscillation frequency can be obtained in a similar manner and the output frequency of the 

25 voltage-controlled oscillator also increases with increase of the oscillation frequency control voltage. 

[0031] Now, the reason for that the output impedance of the differential amplifiers 5 to 8 constituting the ring oscil- 
lator 1 of this embodiment can be reduced will be described. First, a relation between the load control voltage 1 and the 
load control voltage 2 in Fig. 2 will be described. Here, it is assumed that, in Fig. 3, (gate width)/(gate length) ratios of 
the NMOSFETs 11, 12 and the PMOSFETs 13 and 14 are represented by K11, K12, K13 and K14, respectively, the 

30 threshold voltages of the NMOSFETs 1 1 and 14 are commonly Vtn and the threshold voltages of the PmOSFETs 12 
and 13 are comonly Vtp. The MOSFETs 1 1 to 14 are set to operate in saturation regions respectively In such case, 
currents 11 1 to 114 flowing through the MOSFETs 1 1 to 14 are given by the following formulas, respectively: 



35 



40 



111 = unCoxKI 1 (Vgsnl 1 - Vtn)2/2 

112 = u.nCoxK12(Vgsp - Vtp)2/2 

113 = u.nCoxK13(Vgsp - Vtp)2/2 
114 = unCoxK14(Vgsn14 - Vtn)2/2 



(3) 
(4) 
(5) 
(6) 



where u.n and up are mobilities of electron and hole in silicon, Cox is a gate capacitance for unit area, Vgsnl 1 is a volt- 
age between the gate and the source of the NMOSFET 11, Vgsp is a voltage between the gate and the source of the 
PMOSFET 12 as well as the PMOSFET 13 and Vgsnl 4 is a voltage between the gate and the source of the NMOSFET 
45 1 4. Since the gates of the PMOSFETs 12 and 13 are common and the sources thereof are commonly connected to the 
voltage source 1 8, the voltages between the gates and the sources thereof are equal each other. Further, since currents 
flowing through the NMOSFET 1 1 and the PMOSFET 12 are the same and currents flowing through the PMOSFET 13 
and the NMOSFET 14 are the same, the following formulas are established: 

50 111=112 (7) 

113=114 (8) 

From the formulas (3) to (8), the following formula is obtained: 

55 

Vgsn14-Vtn = {K11 K13/(K12K14)}1/2(Vgsn11 -Vtn) (9) 

From the formula (9), it is clear that (Vgsn14 - Vtn) is always equal to (Vgsnl 1 - Vtn) multiplied with 
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{K1 1 K13/(K1 2K14)}1/2. For example, when K1 1 is twice K12 and K13 is twice K14, the voltage (Vgsn14 - Vtn) is always 
twice the voltage (Vgsnl 1 - Vtn). That is, by setting K1 1 to K14, which are ratios ot the gate widths to the gate lengths 
of the respective MOSFETs 1 1 to 14, to suitable values, it is possible to always make the difference between the load 
control voltage 2 and Vtn a constant number multiple of the difference between the load control voltage 1 and Vtn. 
Therefore, it is possible, in the load circuits 22 and 23, which are constituted with the NMOSFETs 32 and 33, respec- 
tively, to arbitrarily make the voltage between the gate and the source of the NMOSFET 33 higher than the voltage 
between the gate and the source of the NMOSFET 32. Consequently, it is possible to operate the NMOSFET 33 in a 
linear region even when the voltage value of the load control voltage 1 allows the NMOSFET 32 to operate in the satu- 
ration region. It has been known that the operation region of the NMOSFET 32 or 33 is determined by 

(voltage between gate and source) - (threshold voltage) 

since, in this embodiment, the in-phase output voltage is fixed to the reference voltage. Since it is possible to set this 
voltage of the NMOSFET 33 to an arbitrary high value according to the formula (9), it is possible to make the load con- 
trol voltage 2 to a value with which the NMOSFET 33 operates in the linear region by setting the values of K1 3 and K1 4, 
even when the oscillation frequency control voltage is low and the load control voltage 1 is low enough to operate the 
NMOSFET 32 in the saturation region. Incidentally, same operation can be obtained by using a voltage amplifier having 
high voltage gain preciseness instead of the voltage amplifier 10. 

[0032] Further, it is necessary to make the driving ability of one of the NMOSFETs 32 and 33 constituting the 
respective load circuits 22 and 23, which reaches the saturation region first, smaller than that of the other, which is oper- 
ating in the linear region. This is because, if the driving ability of the NMOSFET operating in the saturation region 
becomes dominant, the output impedance of the NMOSFET operating in the linear region does not attribute substan- 
tially to the output impedance of the output 31 of the load circuit, so that the output impedance of the output 31 of the 
load circuit becomes large. Therefore, it is enough to make the gate width of the NMOSFET operating in the linear 
region larger than that of the NMOSFET operating in the saturation region. Since the gate width can be made large by 
connecting NMOSFETs in parallel, without increasing the number of fabrication steps. 

[0033] A second embodiment of the present invention is shown in Figs. 6 to 1 0. The basic construction of the sec- 
ond embodiment is the same as that of the first embodiment, except that the load circuit includes n transistors con- 
nected in parallel as shown in Fig. 10 and n load control voltages are provided correspondingly to the n transistors, as 
shown in Fig. 10, where n is an integer larger than 2. The n load control voltages are generated by a ring oscillator con- 
trol circuit, which includes (n-1) voltage amplifiers 50 each identical to the voltage amplifier 1 0 shown in Fig. 3, as shown 
in Fig. 8. Assuming that values obtained for the respective n load control voltages according the formula 
{K1 1 K13/(K12K14)}1/2 determining the voltage amplification obtained in the first embodiment are a 1, o2, • • • , an-1 , 
these values are set in this embodiment as follow: 

i1 < a2 < • • • < an-1 

That is, the load control voltages are set in such a way of (load control voltage 1 ) < (load control voltage 2) < • • • < 
(load control voltage n). 

[0034] With such circuit construction, it is possible to operate any one of the transistors constituting the load circuit 
in the linear region within a wider operating current range than that of the first embodiment. That is, it is possible to 
reduce the output impedance of the differential amplifiers constituting the ring oscillator in the wider operating current 
range to thereby obtain the voltage-controlled oscillator having a wider stable oscillation frequency range. 
[0035] It is further effective when the driving ability of the transistors is changed such that the driving ability of tran- 
sistors operating in the saturation region becomes smaller than that of the transistors operating in the linear region. 
[0036] The ring oscillator control circuit shown in Fig. 8 may be replaced by a ring oscillator control circuit shown in 
Fig. 1 1 . In such case, the number of transistors can be reduced, compared with the ring oscillator control circuit shown 
in Fig. 8. The ring oscillator control circuit shown in Fig. 1 1 operates in a similar manner to the ring oscillator control 
circuit shown in Fig. 8 by replacing the values of K13 and K14 of the formula {K11K12/(K13KU))1/2 obtained for the 
load circuit 10 shown in Fig. 3 by those corresponding to the respective transistors. 

[0037] Fig. 12 shows a modification of the load circuit shown in Fig. 10, in which an NMOSFET 90 is added to the 
load circuit shown in Fig. 1 0. This modification can realize a voltage-controlled oscillator, which can operate similarly to 
the voltage-controlled oscillator shown in Fig. 6. When the circuit shown in Fig. 12 is used, it is possible to reduce the 
output impedance due to the provision of the NMOSFET 90, with a small operating current with which all of the transis- 
tors of the load circuit shown in Fig. 10 may operate in the saturation region and the output impedance may be 
increased. Therefore, it is possible to solve the problem of the load circuit shown in Fig. 1 0 that the oscillation is stopped 
due to a relative variation of operations of the transistors when the operating current is mall enough to operate all of the 
transistors thereof in the saturation region. Consequently, even if the in-phase output voltage is lowered and the pre- 
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ciseness, etc., of the operation is degraded, it is possible to reliably obtain the oscillation output. 
[0038] According to the present invention, it is possible to provide a voltage-controlled oscillator capable of stably 
oscillating in a wide frequency range. By increasing the number of parallel-connected load transistors of the load circuit 
to increase the number of load control voltages, it is possible to arbitrarily widen the oscillation frequency range of the 
5 voltage-controlled oscillator. Since the reference voltage of the voltage-controlled oscillator can be set to a low value 
compared with that of the conventional oscillator, the transistors constituting the load circuit can be easily operated in 
the linear region, so that it is easier to reduce the output impedance of the differential amplifiers constituting the ring 
oscillator. With the latter advantage, the operating current range can be widened. 

[0039] Further, it is possible to realize a voltage-controlled oscillator regardless of the voltage value of the reference 
w voltage, which is the input for determining the in-phase output voltage, and regardless of the threshold vottages of the 
MOSFETs. 



Claims 

is 1 . A voltage-controlled oscillator comprising a ring oscillator including a plurality of differential amplifiers each having 
a first input terminal, a second input terminal, a first output terminal, a second output terminal and a current limiting 
terminal, said first and second input terminals of the plurality of said differential amplifiers and said first and second 
output terminals of said differential amplifiers corresponding thereto being ring-connected, each said differential 
amplifier comprising a first load circuit connected to said first output terminal thereof and a second load circuit con- 

20 nected to said second output terminal thereof, said first and second load circuits operating always in a linear oper- 
ating region. 

2. A voltage-controlled oscillator as claimed in claim 1 , wherein each said differential amplifier comprises a first tran- 
sistor connected between a first power source line and a first node and having a gate supplied with a current control 

25 voltage, a second transistor connected between said first node and said first input terminal thereof and having a 
gate supplied with a first input signal, a third transistor connected between said first node and said second input 
terminal thereof and having a gate supplied with a second input signal, said first load circuit connected between 
said first node and a second power source line and said second load circuit connected between said first node and 
said second power source line. 

30 

3. A voltage-controlled oscillator as claimed in daim 2, wherein said first load circuit comprises a fourth transistor con- 
nected between said first input terminal thereof and said second power source line and having a gate supplied with 
a first load control voltage and a fifth transistor connected between said first input terminal thereof and said second 
power source line and having a gate supplied with a second load control voltage and wherein said second load cir- 

35 cuit comprises a sixth transistor connected between said second input terminal thereof and said second power 
source line and having a gate supplied with the first load control voltage and a seventh transistor connected 
between said second input terminal thereof and said second power source line and having a gate supplied with the 
second load control voltage. 

40 4. A voltage-controlled oscillator as claimed in claim 3, wherein the current amplification of said fourth transistor is dif- 
ferent from the current amplification of said fifth transistor and the current amplification of said sixth transistor is dif- 
ferent from the current amplification of said seventh transistor. 

5. A voltage-controlled oscillator as claimed in claim 3, wherein the gate width/gate length ratio of said fourth transis- 
45 tor is different from the gate width/gate length ratio of said fifth transistor and the gate width/gate length ratio of said 

sixth transistor is different from the gate width/gate length ratio of said seventh transistor. 

6. A voltage-controlled oscillator as claimed in claim 3, further comprising a ring oscillator control circuit responsive to 
an oscillation frequency control voltage for generating the first load control voltage and the second load control volt- 

so age different from the first load control voltage. 

7. A voltage-controlled oscillator as claimed in claim 6, wherein said ring oscillator control circuit comprises a first load 
control voltage generator circuit responsive to the oscillation frequency control voltage and the reference voltage 
for generating the first load control voltage and a second load control voltage generator circuit responsive to the first 

55 load control voltage for generating the second load control voltage proportional to the first load control voltage. 

8. A voltage-controlled oscillator comprising a ring oscillator including a plurality of differential amplifiers each having 
a first input terminal, a second input terminal, a first output terminal, a second output terminal and a current limiting 
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terminal, said first and second input terminals of the plurality of said differential amplifiers and said first and second 
output terminals of said differential amplifiers corresponding thereto being ring-connected, each said differential 
amplifier comprising a first load circuit connected to said first output terminal thereof and receiving a load control 
voltage and a second load circuit connected to said second output terminal thereof and receiving the first and sec- 
5 ond load control voltages, said first and second load circuits responsive to the first and second load control voltages 

for operating always in a linear operating region. 

9. A voltage-controlled oscillator as claimed in claim 8, further comprising a load control voltage generator circuit for 
generating the first load control voltage and the second load control voltage different from the first load control.voft- 

w age. 

10. A voltage-controlled oscillator as claimed in claim 9, wherein said first load circuit comprises a first transistor con- 
nected between the first output terminal and a first power source line and having a gate supplied with the first load 
control voltage and a second transistor connected between said first output terminal and said first power source 

15 line and having a gate supplied with the second load control voltage, said second load circuit comprises a third tran- 
sistor connected between said second output terminal and said first power source line and having a gate supplied 
with the first load control voltage and a fourth transistor connected between said second output terminal and said 
first power source line and having a gate supplied with the second load control voltage, wherein the first and second 
load control voltages are supplied such that, when said first and third transistors are in saturation region, said sec- 

20 ond and fourth transistors are in linear region. 
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Fig. 8 
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Fig.9 
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Fig. 10 
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